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Crosslinking 113 

A— A + B— B + B^ — ► 
A^B,— 

Crosslinking is distinguished by the occurrence of gelation at some point in the 
polymerization. At this point, termed the gel point, one first observes the visible 
formation of a gel or insoluble polymer fraction. (The gel point is alternately taken 
as the point at which the system loses fluidity as measured by the failure of an air 
bubble to rise in it.) The gel is insoluble in all solvents at elevated temperatures 
under conditions where polymer degradation does not occur. The gel corresponds 
to the formation of an infinite network in which polymer molecules have been 
crosslinked to each other to form a macroscopic molecule. The gel is, in fact, con- 
sidered as one molecule. The nongel portion of the polymer remains soluble in 
solvents. As the polymerization and gelation proceed beyond the gel point, the 
amount of gel increases at the expense of the sol as more and more polymer chains 
in the sol are crosslinked to the gel. There is a dramatic physical change that occurs 
during the process of gelation. The reaction mixture is transformed into a polymer 
of infinite viscosity. 

The crosslinking reaction is an extremely important one from the commercial 
standpoint. Crosslinked plastics are increasingly used as engineering materials 
because of their excellent stability toward elevated temperatures and physical 
stress. They are dimensionally stable under a wide variety of conditions due to their 
rigid network structure. Such polymers will not flow when heated and are termed 
thermosetting polymers or simply thermosets. (Plastics that do soften and flow 
when heated, that is, uncrosslinked plastics, are called thermoplastics. Almost all 
of the polymers produced by chain polymerization are thermoplastics. There are 
only a relatively few such polymers which are crosslinked.) The commercial im- 
portance of the thermosets is seen from the fact that of the over 30 billion pounds 
of plastics produced annually in the United States, almost 5 billion pounds were 
crosslinked plastics [86,87]. 

In order to control the crosslinking reaction so that it can be used properly it is 
important to understand the relationship between gelation and the extent of 
reaction. Two general approaches have been used to relate the extent of reaction 
at the gel point to the_ composition of the polymerization system-based on cal- 
culating when X n and X W9 respectively, reach the limit of infinite size. 
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2-1 0a Carothers Equation: X n — ► °° 

2- 10a- 1 Equivalent Amounts of Reactants 

Carothers derived a relationship between the extent of reaction at the gel point and 
the average functionality / avg of the polymerization system for the case where the 
two functional groups A and B are present in equivalent amounts [16] . The deriva- 
tion follows in a manner very close to that for Eq. 2-90. The average functionality 
of a mixture of monomers is the average number of functional groups per monomer 
molecule for all types of monomer molecules. It is defined by 
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3-73^4 Other Processes 



on a commercial scale . 

3>13b Specific Commercial Polymers 

3-l3b-1 Polyethylene 

Polymerization o' ethylene to poiyethylene [278-281,284^5) is carried out at 

(3-217) 

CH 2 =CH, - ~eCH»CH a -k 
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F, q 3 .22 Flow diagram of bu,k h.gh pressure polyethylene proem After [285] from U.S. 
Pat. 2,388,138 (Dupontl lov permission o( lliffe Books Ltd.. London). 

high pr^res of 100-300 MPa and at temperatures rt ^ n fc^V£ram 
of DoWethylene (usually 170-200°C but as high u 250 C) (F.g. 3-22 [285]). 
P lyme'n S occurs X *e highly compressed gas (which behaves much as a 
S even though ethylene is above its critical temperature). The system » usuaUy 
S^T.tSg^ one both initially and later when the polymer ,s htfdy 
Coll by ethylene. Trace amounts (5-300 PP m) of oxygen are typ.caUy u ed as 
initiator. Lation probably Solves the formation of P'^^f^K 
oxides of ethylene followed by their decomposition at the high P°^^*» 
S eratures. Alkyl and acyl peroxides, hydroperoxides and uo compoun dshav 
aS been used. Water, benzene or other diluents are often added to aid m hea 
tsiX-. u,. system c* then be considered a solution P*^££ 
diluent also acts as a vehicle for an initiator other than oxyg n Ch* it ransfe 
agents such as alcohols and ketones may also be present to regulate the molecular 

W Batch processes are generally not as useful as continuous processes The long 
Jdence IZ In a batch process gives relatively poor reproducibility and control. 
Long^ainTr an chin g due To transfer to polymer becomes 
effect on the physical properties. P--- ^^^^J 

control of the pQlymeruauon. iutmm* ic^w.* v * 

oTL in length) with very high Knea, velocities at the higher P^J^ 
tion times of minutes or less. The conversion per pass » low (J 5-30%), but the 
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290 Radical Chain Polymerization! 

overall process is rapid and economical. The polymer is separated from the gaji 
and/or Liquid phases at the end of each pass and ethylene monomer recycled after f 
purification. The polymer is usually extruded into a ribbon and chopped up or; 
granulated. The process may involve multiple additions of monomer, initiator J 
and chain transfer agents along the tube length. Tower and autoclave reactors are 
also employed. The produqtjiumber-average molecular weight is generally in the 
range 20,000-50,000 with ; k w /Af rt being in the range 3-20 depending on process 

conditions. , 1 

Polyethylene (PE) h as a wide range and combination of desirable^properties. Its 
ver7lowr„ of about- 120°C, and moderately high T m of about 135 C give it flexi- 
bility and utility over a wide temperature range. ItJias hi^h crystalliiuty with a 
good combination of strength, flexibility, and melt-flow behavior over a range of 
molecular weights, The alkine structure of polyethylene imparts good solvent, 
chemical, thermal, oxidation, water, and electrical resistance. A wide range of 
fabrication techniques can be used to process polyethylene into products. This 
polyethylene is often referred to as low-density polyethylene {LDPE) or high- 
pressure polyethylene to distinguish it from the polyethylene synthesized at low 
pressures using coordination catalysts (Sec, 8-4e-2). The latter polyethylene is 
referred to as low-pressure polyethylene or high-density polyethylene (HDPE). 
Low-density polyethylene Is! more highly branched (both long and short) than the 
latter and is therefore lower in crystallinity (50-70% vs 80-90%) and density 
(0 9 1 -0.93 g/cm* vs 094-96 ; g/cm 3 ). Almost 8 billion pounds per year of LDPE are 
produced in the United States [288a,b] . LDPE finds a wide range of applications 
as a flexible plastic [288c] ..About 55% of all low-density polyethylene is produced 
as extruded film and sheet, mostly for packaging and household uses (bags, pouches 
and wrap for food, garments and dry cleaning, trash), but also for agricultural and 
construction applications (greenhouses, tank liners, moisture, and protective bar- 
riers). Injection molding of toys and housewares accounts for another 10-15%. 
About 15% or more of the IDPE produced is used in wire and cable insulation for 
power and communication transmission and extruded as well as hot melt coatings 
(on paper, metal foil, other plastic films). Other uses of LDPE include blow-molded 
bottles and containers, pipe, and tubing for agricultural irrigation. 
Trade names for polyethylene include Alathon.Hostalen.Marlex, and Petrothene. 
LDPE together with HDPE, polypropylene and other polymers of alkene (olefin) 
monomers comprise the polyolefin family of polymers. All except LDPE are pro- 
duced by coordination catalysts. 

^&13b-2 Polystyrene 

Polymerization of styiene is,c^ried out by the bulk and suspension processes (and 

CH 2 =CH ^-CH 2 CHt^ ( 3 ' 218 > 
0 0 ; 

the emulsion process to a lesser extent). The heat dissipation problem in bulk 
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